The removal of mercury (Hg 2 + ) ions from contaminated water using multiwalled carbon nanotubes (MWCNTs) was investigated in this study. Results of the study showed that MWCNTs slurry was very efficient in removing as high as 1.0 mg/L of Hg 2 + from aqueous solutions via the adsorption mechanism. This removal efficiency was found to be a function of the aqueous pH level, dosage of CNTs, mixing rate, and contact time. The study showed that the Hg uptake by MWCNTs increased to 100% with an increase in pH from pH 4 to 8. The results also showed that higher dosage of MWCNTs, showed higher removal of Hg 2 + . In a 50 mL water sample, 10 mg of MWCNTs was needed to remove all of the 0.1 mg/L of Hg 2 + ions. On the other hand, increasing the mixing rate from 50 to 150 rpm improved the removal efficiency. The experimental results also showed that mercury adsorption by MWCNTs follow a pseudo second-order reaction with a rate (k) of 0.018 and it is well described by the Langmuir isotherm model with maximum adsorptive capacity (q max ) of 13.16.
INTRODUCTION
Quality of drinking water has become of paramount importance world wide. Heavy metals, in general, and mercury species, in specific, are considered major inorganic contaminants in water due to their high potential health hazards (Collado-Sanchez et al. 1996; Carrington et al. 2004; Zhu & Alexandratos 2006) . Presence of mercury in drinking water has been associated to a deleterious effect upon a wide range of systems including the respiratory, cardiovascular, hematologic, immune, and reproductive systems. Consequently more stringent regulatory controls have been imposed for mercury in many countries. The US EPA has established a maximum contaminant level (MCL) of 2 mg/L for mercury in drinking water (U.S. EPA; Hontelez & Lymberidi 2005) .
Accordingly, extensive research and studies have been performed to develop cost-effective mercury removal techniques. The available conventional technologies for the treatment of mercury include: precipitation/co-precipitation, membrane filtration, ion exchange, adsorption and bioremediation (Jones & Slotton 1996; U.S. EPA 1997; Nanseu-Njiki et al. 2009 ). However, these technologies suffer from various shortcomings including limited efficiency, extended treatment time or elevated capital and operation costs. This lead to the search of new and advanced technologies, such as nanotechnology, that can be applied for the complete removal of mercury from water. Nanotechnology is one of these technologies that was heavily researched for its utilization in water treatment (Masciangioli & Zhang 2003; Savage & Diallo 2005) .
Nanotechnology refers broadly to using materials and structures with nanoscale dimensions, usually ranging from 1 to 100 nm. For example, the suitability of carbon nanotubes (CNTs) in removing different types of water contaminants was investigated by many researchers in the last few years (Meyyappan & Srivastava 2000) . In fact, since their discovery in 1991 (Iijima 1991; Monthioux doi: 10.2166 /wst.2010 .897 & Kuznetsov 2006 , CNTs have been the focus of scientists worldwide due to their nanosize, large surface area, high mechanical strength and remarkable electrical conductivities which make them superior candidates for a wide range of promising applications (Satio et al. 1992; Dekker 1999) . Their hollow and layered nano-sized structures made them a promising adsorbent material that can substitute activated carbon in many ways (Nanseu-Njiki et al. 2009 ).
CNTs exhibit exceptional mechanical, electronic and magnetic properties, to exploit these properties it is necessary to optimize their quality and yield (Ebbesen & Ajayan 1992; Bethune et al. 1993; Iijima & Ichihashi 1993; Ebbesen & Thomas 1996; Thess et al. 1996; Tang et al. 1998; Zheng et al. 2004) . Real-world applications of nanotubes require the production of large quantities in simple, efficient and cost-effective manner. There have been many remarkable and successful attempts to produce CNTs by various methods; however the three most commonly used techniques are: arc discharge, Laser ablation and chemical vapor deposition (CVD) (Endo et al. 1993; Yacamá n et al. 1993; Dai et al. 1996; Cheng et al. 1998) .
The adsorption of heavy metals by nanotubes has been studied by many authors for instance Li et al. This study aims to demonstrate the efficiency of mercury removal by multi-walled carbon nanotubes (MWCNTs) synthesized in the laboratory under various conditions of nanotubes dosage, pH, mixing rate and contact time.
MATERIALS AND METHODS

Multi-walled carbon nanotubes (MWCNTs)
Multi-walled carbon nanotubes (MWCNTs) produced and optimized by King Fahd University of Petroleum and Minerals (KFUPM) in Dhahran, Saudi Arabia were used in this study. The MWCNTs were kept dry in a glass bottle at room temperature of 258C.
Mercury stock solutions
Standard mercury (Hg) stock solutions (1,000 mg/l) purchased from Aldrich were used to prepare the required concentrations to be used in the batch mode adsorption experiments. The solutions were diluted to the required concentrations (0.1 mg/l). The glassware utilized for the experiment was rinsed with 2% nitric acid in order to remove all the impurities that might be present and to prevent further adsorption of the heavy metals to the walls of the glassware. The standard solutions were prepared by pipetting 0.1 ml of Hg from the stock solutions into a 1 L volumetric flask and mixed thoroughly. After preparing the standard solutions, the pH of the solutions was adjusted using 0.1 M HCl and 0.1 M NaOH to the required pH. The effects of the dosage of MWCNTs (5, 10 mg), pH (4-9), contact time (10 -120 min) and the mixing rate (50, 150 rpm) were studied. The amount of Hg adsorbed on the MWCNTs was determined by the difference of the initial concentration (C i ) and the equilibrium concentration (C e ).
Batch mode adsorption experiments
The percentage removed of Hg ions from the solution was calculated using the following relationship:
The metal adsorption capacity (q e ) was calculated by the following equation:
where V ¼ volume of the solution (L), M s ¼ weight of adsorbent (g).
Adsorption isotherms models
Both Langmuir and Freundlich models were calculated to demonstrate the adsorption behavior of mercury by
MWCNTs. The Langmuir model assumes no interaction between the adsorbate molecules and the adsorption is localized in a monolayer. On the other hand, Freundlich isotherm model is an empirical relationship describing the adsorption of solutes from a liquid to a solid surface, and assumes that different sites with several adsorption energies are involved. The Langmuir adsorption isotherm is described by the following equation:
where Q e ¼ the adsorption density (mg of adsorbate per g of adsorbent), C e ¼ the concentration of adsorbate in solution (mg/l), K f and n are empirical constants dependent on environmental factors and n is . 1.
This equation is used in the linear form by taking the logarithm of both sides as:
A plot of ln(C e ) against ln(Q e ) yielding a straight line indicates the confirmation of the Freundlich isotherm for adsorption. The constants can be determined from the slope and the intercept.
Kinetic modeling
Adsorption kinetics is applied to describe the adsorbate uptake rate and this rate evidently controls the residence time of adsorbate at solid liquid interface. First-order equation, the pseudo-second-order rate equation and the second-order rate equation are calculated by the following equations: Figure 2 | TEM Images of carbon nanotubes (a) at low resolution (b) at high resolution.
where q e ¼ sorption capacity at equilibrium, q t ¼ sorption capacity at time (mg/g), K L ¼ the Lagergren rate constant of adsorption (1/min), k ¼ rate constant of the pseudo second-order sorption (g mg 21 min 21 ), t ¼ time (min).
RESULTS AND DISCUSSION
Characterization of MWCNTs
The 
Removal of mercury from water by MWCNTs
Effect of pH
The results shown in Figure 3 indicate that the removal of 
Effect of mixing rate
The effect of agitation speed (mixing rate) on adsorption capacity of mercury has been studied by varying the speed of agitation from 50 to 150 rpm. It has been observed that the percentage of mercury removal increased progressively by increasing the mixing rate as shown in Figure 5 . This is due to the fact that, the increase of agitation speed improves the dispersion of mercury ions hence increasing adsorbent adsorbate interaction probabilities. Furthermore, agitation will decrease the mass transfer resistance, and offers a faster external mass transfer rate of Hg 2 þ and thus gives more adsorption capacity.
Effect of CNTs dosage
The batch adsorption experiments were conducted by changing the dosage of MWCNTs 10, 20 and 40 mg. In all experiments, it was obvious that the adsorption of Hg is generally enhanced when the amount of MWCNTs is increased in spite of the pH, agitation speed and contact time as depicted in Figure 6 . The dosage of CNTs can be associated to the availability of adsorption sites consequently adsorption of metal ions can be enhanced by increasing the adsorbent dosage which provides more adsorption sites for binding. 
Adsorption isotherm models
Mercury adsorption kinetics
To evaluate the adsorption rate of Hg (II) onto MWCNTs, a pseudo-second-order rate equation was implemented to simulate the kinetic of adsorption. From the linear plot of t/q t versus t ( Figure 8 ) the value of k was calculated from the slope and intercept and summarized in Table 2 .
The correlation coefficient of the pseudo-second order rate equation for the linear plot is 0.9975, which suggests that the kinetic adsorption can be described by a pseudosecond-order rate equation well.
CONCLUSION
Carbon Nanotubes were found to be efficient for the adsorption of Hg 2 þ in aqueous solutions. The characterization of Hg 2 þ uptake showed that mercury adsorption is dependent on pH, mixing rate, dosage of MWCNTs and contact time. Percentage uptake increased with an increase in pH from pH 4 to 8. The optimum pH found in this study is pH 8 in which it gave 100% removal of Hg 2 þ ions by using MWCNTs in aqueous solution. The removal also increased gradually with the increase in agitation speed from 5 to 150 rpm, in which 150 rpm gave higher removal for mercury. Finally, the removal of Hg 2 þ and was observed to be optimal for higher dosage of MWCNTs, in which 10 mg of MWCNTs contribute to 100% removal of Hg 2 þ ions. The experimental data of this study for mercury are extremely well described by the Langmuir isotherm model with correlation coefficients (r 2 ) close to 1. 
